SUMMARY The cerebrovascular effects of graded, controlled dihydralazine-induced hypotension were studied in rats with renal hypertension (RHR) and spontaneous hypertension (SHR). Repeated measurements of cerebral blood flow (CBF) were made using the intraarterial 133 Xenon injection technique in anaesthetised normocapnic animals. Dihydralazine was administered in single increasing i.v. doses (0.1 to 2 mg/kg), and CBF measured after each dose when a stable blood pressure had been reached. From a resting level of 145 ± 7 nun Hg in RHR and 138 ± 11 mm Hg in SHR, mean arterial pressure (MAP) fell stepwise to a minimum of around 50 mm Hg. CBF was preserved during dihydralazine induced hypotension, and remained at the resting level of 79 ± 13 ml/100 g-min in RHR and 88 ± 16 ml/100 g-mln in SHR. Following 2 hours hypotension at the lowest pressure reached, the rats were sacrificed by perfusion fixation and the brains processed for light microscopy. Evidence of regional ischaemic brain damage was found in 4 of 11 animals: in 2 cases the damage appeared to be accentuated in the arterial boundary zones. Although the lower limit of CBF autoregulation in these rats is around 100 mm Hg during haemorrhagic hypotension, dihydralazine brought MAP to around 50 mm Hg without any concomitant fall in CBF. This was interpreted as being due to direct dilatation of cerebral resistance vessels. The combination of low pressure and direct dilatation may have resulted in uneven perfusion, thus accounting for the regional ischaemic lesions. Stroke Vol 15, No 1, 1984 EPIDEMIOLOGICAL STUDIES have established a clear pathogenic relationship between pre-existing hypertension and stroke morbidity and mortality.
EPIDEMIOLOGICAL STUDIES have established a clear pathogenic relationship between pre-existing hypertension and stroke morbidity and mortality. 1 The importance of chronic antihypertensive therapy to the brain is emphasised by the resultant reduction in stroke incidence. In cases of malignant hypertension, and especially hypertensive encephalopathy, 2 ' 3 emergency blood pressure lowering is required, and may be life saving. Although this therapy is generally beneficial to the patient, recent concern has been expressed at the danger of inducing ischaemic brain damage by overvigorous lowering of blood pressure. 4 " 6 Central to this question is autoregulation of cerebral blood flow (CBF).
In the brain, blood flow is kept constant over a wide range of systemic pressure by autoregulatory changes in the diameter of resistance vessels; during a pressure increase they constrict and during a pressure decrease they dilate. The lower mean blood pressure limit of CBF autoregulation is about 70 mm Hg in normal man. 7> 8 At pressures below the lower limit autoregulatory vasodilatation is inadequate and CBF will fall in proportion to the fall in blood pressure. Maximal dilatation of cerebral blood vessels does not occur until an even lower blood pressure has been reached. 9 Thus, there remains the possibility of pharmacological dilatation of cerebral vessels at pressures below the lower limit of CBF autoregulation, as demonstrated by the present study, and a similar study with nitroglycerine. 10 In hypertensive patients, structural and functional adaptation of the cerebral circulation results in a shift in the lower limit of autoregulation to a higher pressure e.g. 100-120 mm Hg. 7 ' 8 The consequence of the autoregulatory shift is that if the blood pressure of a hypertensive patient is rapidly lowered to normotensive levels, CBF will fall. Chronic treatment restores normal autoregulation to the cerebral circulation in hypertensive rats," and seems to do so in patients. 78 However, there is a paucity of information on the acute effects of antihypertensive drugs on the cerebral circulation.
Dihydralazine (and also hydralazine) is a vasodilator and an antihypertensive agent that has been widely used for emergency blood pressure lowering. In man, single intravenous doses of the drug may increase CBF 12 -13 and intracranial presure. 12 Dihydralazine has been shown to dilate pial arteries and increase intracranial pressure in normal cats. 14 The aim of the present study in hypertensive rats was to determine the effect on the cerebral circulation of graded, controlled dihydralazine-induced hypotension, in particular at blood pressures below the lower limit of CBF autoregulation. Two types of hypertensive rats, renal and spontaneously hypertensive, were studied in case genetic or humoral factors might influence the outcome. The results were interpreted using a knowledge of the lower limit of CBF autoregulation during haemorrhagic hypotension.
Materials and Methods
The experiments were performed on male Wistar Kyoto rats (WKY, F24), and spontaneously hypertensive rats (SHR, F49) of the Okamoto strain (M0lle-gaard, Copenhagen). WKY were chosen for inducing renal hypertension as they are the control rat for SHR, being the strain from which SHR were bred. As both types of hypertension are based on the same strain of rat, the results are less likely to be obscured by interstrain differences. Until the CBF study, all rats were housed in the same room, with free access to food and water. No salt or corticosteroids were added.
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Chronic renal hypertension was induced in 1 month old WKY by a slight modification of the Loomis technique. 15 Through a flank incision, one of the 2 branches of the left renal artery was ligated causing a partial infarction of the kidney. This was combined with contralateral nephrectomy. Systolic blood pressure (measured by the tail cuff method) then rose to about 200 mm Hg in one month, as compared to 130 mm Hg in unoperated rats of the same age.
CBF studies were performed when the rats were 4 months old, by which time the renal hypertensive rats (RHR) had been severely hypertensive for 2 months and the spontaneously hypertensive rats a little longer. At this stage, the cerebral circulation has adapted to the chronic hypertension as shown by a 20-30 mm shift in the lower limit of CBF autoregulation obtained during haemorrhagic hypotension. 16 Only rats with a systolic tail pressure of 180-240 mm Hg were used for the CBF studies. 30-40% of the SHR obtained from the supplier were found to have a systolic pressure close to that of the normotensive WKY, and were therefore discarded.
CBF was studied using the '"Xenon injection technique, 17 modified for rat studies. 18 -19 Anaesthesia was induced with 4% halothane and maintained with 0.8% halothane in 30% O 2 :70% N 2 O. The rats were tracheotomised, paralysed with suxamethonium (40 mg/kg) and ventilated on a respirator. Both femoral arteries were cannulated, one for recording of arterial pressure (MAP) and heart rate (HR), one for sampling blood. A femoral vein was cannulated for blood or drug infusion. The skin and muscle overlying the right cerebral hemisphere were resected to expose the calvarium. All branches of the right common carotid artery (occipital, superior thyroid, external carotid and pterygopalatine arteries) were ligated in order to minimise extracerebral distribution of the injected '"Xenon. The animals were heparinised (5000 IU/kg) and a polyethylene catheter (size pp25) introduced retrogradely into the external carotid stump and secured with its tip at the carotid bifurcation. The common carotid artery was not clamped during the cannulation. Surgery took approximately 45 min and was followed by a 1 hr stabilisation period.
For each determination of CBF a 10-15 fi\ saline bolus containing l33 Xenon (5-10 mCi/ml, Amersham) was injected into the carotid catheter. Clearance of 133 Xenon from the brain was followed by external detection with a heavily collimated NaI(Th) crystal placed over the head, ipsilateral to the injection site. CBF was calculated by the initial slope method using the formula CBF = -X x In 10 x D o x 100(ITH7100 g-min), 20 where the blood-brain partition coefficient for grey matter, X is 0.87 ml/g, and D o is the initial slope (the first 10-15 s) of a semilogarithmic recording of the clearance curve. The peak value of around 2000 cps ensured that the linearity of the clearance curve was not affected by low counting statistics. A correction curve 21 was used to correct for the activity remaining from previous measurements when that activity exceeded 2% of the peak activity. Such correction was rarely necessary however.
Arterial tension of carbon dioxide (PaCO 2 ) and oxygen (PaO 2 ), together with pH (pHa), were measured at intervals during surgery/stabilisation, and at each CBF measurement, with conventional microelectrodes (Radiometer, Copenhagen). The blood withdrawn for these measurements was substituted with blood from donor rats of the same strain. The rats were maintained at normocapnia (PaCO 2 39-41 mm Hg) by adjustment of ventilation volume. Body temperature was maintained close to 37°C by means of a rectal-thermistor controlled heating table. Arterial blood pressure was recorded throughout the study, with mean arterial pressure (MAP) and heart rate (HR) being calculated from the recording.
The response of the cerebral circulation to graded, controlled dihydralazine-induced hypotension was studied in 6 SHR and 6 RHR. Following the 1 hour postoperative stabilisation period 2-4 baseline measurements of CBF were obtained at 8-12 min intervals. Dihydralazine mesylate (Nepresol®, Ciba Geigy) was then administered as repeated and increasing doses: 0.01, 0.2, 0.5, 1.0 and 2.0 mg/kg body weight i.v., at 15 min intervals. CBF was measured 4 min after each dose, at which time MAP had stabilised at its new level. At the same time, MAP, HR and body temperature were recorded, and 30 sec later, blood was sampled for determination of PaCO 2 , PaO 2 and pHa.
When the lowest MAP had been reached, the rats were maintained in a stable condition for a further 2 hours. There was no spontaneous increase in MAP during that period. Except for one SHR, the animals were then sacrificed by perfusion with a fixative; 40% formaldehyde:glacial acetic acid:methanol, 1:1:8 by volume (FAM). 22 The brains were left in situ for 24 hours, then removed and immersed in FAM for a further 48 hours before being processed for light microscopy. All brains were cut in a similar way into eight coronal slices, which were embedded in paraffin wax. 7-8 ixm sections were stained using a technique combining Luxol fast blue and cresyl violet, and also with haemotoxylin-eosin. All brains were coded with a random number such that the neuropathological examination could be performed blindly, with the code only being broken after completion of this and related studies.
A control study was made in 7 RHR and 5 SHR in order to verify the baseline stability of rats during prolonged halothane anaesthesia. CBF measurement was repeated at 15 min intervals over 2Vi hours without manipulation of blood pressure. After a further 2 hours, the brains were prepared for neuropathological examination as described above.
Data are given as the mean ± 1 SD. Oneway analysis of variance, together with the Dunnett multiplecomparison test 23 was used for statistical comparisons. Results were accepted as significant at p < 0.05.
Results
CBF Study
The CBF and MAP response to dihydralazine administration in these two types of hypertensive rats is given in Values are mean ± 1 SD (n = 6) *p < 0.01. CBF, HR, PaCO,, pHa, PaO 2 and T were not significantly different from baseline (p > 0.05).
PaCO 2 , pHa, PaO 2 and body temperature. The results are illustrated by figures 1 and 2, which also show the corresponding CBF autoregulation curve obtained by haemorrhagic hypotension in identical rats (described in detail by Barry et al, 1982) . Baseline CBF was similar in RHR and SHR, being 79 ± 13 and 88 ± 16 ml/100 g-min respectively, at resting MAP of about 140 mm Hg. Dihydralazine caused a gradual fall in blood pressure, the dose response being slightly greater in RHR than SHR. In both groups MAP reached a minimum of about 50 mm Hg and was significantly lower than baseline (p < 
Control Study
This revealed that CBF remained stable during the 2/2 hour period in both the RHR group and SHR group, although CBF fluctuated in individual rats. MAP and HR remained stable in RHR, as did HR in SHR, whereas MAP fell slightly but insignificantly (10 mm Hg, p > 0.05) toward the end of the study in SHR. These results have been given in detail elsewhere. 16 
Neuropathology
As judged by uniform blanching and hardness of the specimens, satisfactory fixation was achieved in all animals. The well known cytological artefacts such as 'dark cell' and 'hydropic cell' 24 " were not found in any of the sections. The ischaemic lesions found in some of the rats, usually small foci, were similar to those reported previously in FAM fixed material. 24 M A full description of the cellular changes which occur in the early stages of anoxic-ischaemic damage in the rat brain has been made elsewhere. 24 
26
- 27 In brief, these changes involve microvacuolation of the cells, followed by incrustation and shrinkage of the cytoplasm and nucleus, with a gradual transition to classic ischaemic cell change. The lesions reported in the present study were small areas of irreversible anoxicischaemic damage of this type.
In none of the control animals was there microscopic evidence of ischaemic brain damage. Of the animals given dihydralazine, evidence of ischaemic brain damage was found in 2 of 6 RHR and 2 of 5 SHR. In two of these animals there were 1 and 3 small ischaemic foci in the right cerebral hemisphere. In the other 2 animals the lesions were bilateral. In one of these, an RHR, there were 19 ischaemic foci that appeared to be accentuated in the arterial boundary zones; CBF had fallen to 60% of baseline after the intermediate doses of dihydralazine, and increased markedly to 120% of baseline after the highest doses. In the second animal, an SHR, in addition to ischaemic damage in the distribution of the right middle cerebral artery there were several lesions in the left hemisphere that appeared to be accentuated in the arterial boundary zones: CBF in this rat had remained at the resting level down to an MAP of 50 mm Hg and thus the ischaemic lesions did not appear to result from global ischaemia. In one SHR in which CBF did fall at the higher doses of dihydralazine, no lesions were found.
Discussion
Most vasoactive drugs have no pharmacological action on the cerebral circulation in vivo, mainly because of the protective effects of the blood-brain barrier located in the vascular endothelium. Thus, when angiotensin or noradrenaline is infused into the internal carotid artery in man, cerebral vasoconstriction is not induced. 28 With regard to antihypertensive drugs, the literature is particularly sparse.
CBF Autoregulation in Hypertension
Central to an understanding of the effects of antihypertensive drugs on the cerebral circulation are the changes in CBF autoregulation that occur during chronic hypertension. In hypertensive patients 7 -8 and experimental animals, 1629 structural and functional adaptation of the cerebral circulation results in a shift in the lower and upper limits of CBF autoregulation toward a higher blood pressure. This change in autoregulation can be reversed by chronic antihypertensive treatment, as has been shown in renal hypertensive rats" and as appears to be the case in man. 7 -8 Regarding acute treatment, however, the shift in the lower limit, which may be 30-50 mm Hg in both man 7 -8 and animals," 16 -29 is particularly important. The consequence of this shift is that if a severely elevated blood pressure is suddenly normalised, the patient may experience a fall in CBF and perhaps manifest symptoms of brain ischaemia. This has been the subject of a number of clinical reports. 6 ' x - 31 The lower limit of CBF autoregulation is the point at which, during a fall in blood pressure, autoregulatory vasodilatation of cerebral vessels becomes inadequate to maintain flow, which then falls. The lower limit should not be equated with maximal dilatation of cerebral vessels as it has clearly been shown that pial vessels will continue to dilate as blood pressure is brought below the lower limit of autoregulation, ie. whilst CBF is falling. 9 It is possible, therefore, to dilate cerebral vessels pharmacologically at blood pressures below the autoregulatory lower limit.
Acute lowering of blood pressure by antihypertensive drugs may have two types of effect on the cerebral circulation. First, the blood pressure may be brought below the lower limit of CBF autoregulation, and second, there may be a direct pharmacological action of the drug on cerebral vessels. As an example of the first type of effect, diazoxide administration to hypertensive rats (a similar study to the present) caused a 30-40% reduction in CBF secondary to a blood pressure fall to below the lower limit of CBF autoregulation. 32 In contrast, a drug with a direct pharmacological action (vasodilatative), nitroprusside, will preserve CBF at low blood pressure. 10 Dihydralazine and CBF Autoregulation Dihydralazine, which lowers blood pressure by peripheral vasodilatation, may increase CBF in man.
12 -13 - 33 • 34 In neurosurgical patients with intraventricular pressure monitoring, the drug caused a marked increase in intracranial pressure, leading to a smaller perfusion pressure than could be estimated from the fall in blood pressure alone. An elevation of intracranial pressure has also been observed in normal cats, in which dihydralazine caused a marked dilatation of pial arteries, but had no effect on cerebral veins.
14 Furthermore, dihydralazine will dilate human pial arteries -in an in vitro-study of K + -constricted vessels, a vasodilatative log-dose response was observed (Barry, unpublished observation). Thus, dihydralazine seems to exert a direct vasodilatory effect on cerebral resis- tance vessels which may occur in addition to the autoregulatory dilatation that accompanies the dihydralazine-induced blood pressure lowering.
In the present study in hypertensive rats, intravenous administration of dihydralazine caused a graded lowering of blood pressure down to a minimum of about 50 mm Hg without any change in CBF. The lower limit of CBF autoregulation determined during haemorrhagic hypotension in SHR and RHR of a similar age, and degree and duration of hypertension, is at a MAP of 90-100 mm Hg. 16 The latter study was conducted under the same experimental conditions i.e. CBF method, anaesthesia etc. During dihydralazine induced hypotension, at blood pressures below the lower limit of autoregulation seen during bleeding, CBF was higher than would be expected if CBF were determined by perfusion pressure alone ( figs. 1 and 2 ). This is interpreted as being due to direct dilatation by dihydralazine of cerebral resistance vessels. There was a tendency for RHR to show a more pronounced effect than SHR when given the highest doses of dihydralazine. The difference may be due to a lower degree of vascular structural adaptation in RHR than SHR. The resistance vessel walls are probably thicker in SHR as they are more resistant to acute hypertensive bloodbrain barrier breakdown than RHR. 35 It is somewhat surprising that CBF remained at the resting level down to pressures of 50 mm Hg. At such low blood pressures CBF will be determined by the net result of two opposing forces. The low feeding pressure, assuming inadequate autoregulatory vasodilatation, would tend to decrease CBF, and the direct cerebral vasodilatation by dihydralazine would tend to increase CBF. The combination of low perfusion pressure and direct cerebrovascular dilatation typically leads to an uneven or 'patchy' brain perfusion. 36 These conditions were probably induced by the higher doses of dihydralazine, i.e. direct dilatation at low blood pressure, with increased intracranial pressure.
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Thus although global CBF remained at the resting level, there could have been regional variation in flow. Sympathetic nervous activation during hypotension may cause constriction of larger arteries, which are little influenced by dihydralazine, and contribute to the uneven perfusion of brain tissue.
Neuropathology
Uneven regional perfusion, although not demonstrated, may have been responsible for the ischaemic lesions found in some of the animals. These ischaemic foci were areas of irreversible anoxic-ischaemic damage of the type described previously in normotensive rat brain. 24 -26 -27 Similar ischaemic lesions have been found in RHR and SHR subjected to haemorrhagic hypotension 16 and diazoxide-induced hypotension. 32 As in the latter two studies, there was a tendency for the lesions to occur mainly in the right hemisphere, although they were bilateral in 2 of the present rats. The possibility was considered that the lesions could be partly an artefact, such as embolism, associated with repeated CBF measurement. However, this was discounted as not a single lesion was found in the animals of the control study, in which repeated measurements of CBF were made over a 2!/2 h period. It is possible though that surgical intervention and carotid cannulation could render the right side of the brain more susceptible to hypotensive insult. As the number of animals with ischaemic lesions was small (2 of 6 RHR and 2 of 5 SHR), it is difficult to relate the degree of damage with a particular CBF response to dihydralazine. Furthermore it must be remembered that the CBF and pathology studies are not strictly comparable: CBF was measured in only one hemisphere whereas the neuropathological examination was of the whole brain. Furthermore as the lesions were small it is quite unlikely that the reduced or negligible flow in these areas will significantly change the measured CBF, which in any case is derived from the initial slope index i.e. as flow is given in ml/100 g-min rather that absolute flow, small areas of no-flow not receiving 133 Xe will not be registered. Although the RHR with the most severe bilateral lesions had a CBF fall after intermediate doses and a marked CBF increase after the higher doses of dihydralazine, the SHR with severe lesions did not have a CBF fall. Also, a second SHR which did have a CBF fall, did not have lesions. Thus the lesions do not seem to be provoked by a global CBF fall. In two of the rats, the lesions were more severe than in any of the RHR and SHR in which blood pressure was lowered to similar levels by diazoxide 32 or haemorrhage. 16 Clinical Implications One of the main benefits of antihypertensive therapy, as has been emphasised by many reports, is the resultant reduction in stroke incidence. In the case of malignant hypertension, and especially hypertensive encephalopathy, 2 -3 the benefit of emergency blood pressure lowering is immediately obvious and may be life-saving. Despite this, recent concern has been expressed over the potential hazards of emergency blood pressure lowering. 4 -5 Patients with atheromatous stenosis of the extracranial and intracranial arteries, and variation in the vascular anatomy of the circle of Willis, are particularly at risk. 38 In these cases, a druginduced precipitous fall in blood pressure may reduce CBF to critical levels in some areas, especially at the so-called border zones (which are at the extremities of the main brain arteries.) Drugs such as diazoxide, which may cause an abrupt fall in blood pressure to below the patient's lower limit of CBF autoregulation are cautioned against. 4 -5 - 32 The results of the present study indicate that at pressures below the lower limit of CBF autoregulation, when CBF would otherwise have fallen, drugs with direct cerebrovascular vasodilatatory properties may, in addition to their blood pressure effect, increase CBF to the resting level. Thus, CBF appears to be preserved as blood pressure falls. This situation, i.e. low blood pressure and direct cerebrovascular dilatation, may possibly lead to uneven brain perfusion, and the concomitant rise in intracranial pressure may further compromise the cerebral circula-
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tion. These conditions, if encountered clinically, may be potentially harmful to the brain. It is noteworthy that several of the patients in which emergency blood pressure lowering resulted in neurological damage, blindness or death were given dihydralazine or hydralazine (in addition to other antihypertensive drugs, notably diazoxide). 6 -39 -40 It is concluded that whereas dihydralazine may be well suited for inducing small decrements in blood pressure, acute lowering of blood pressure with large doses should only be undertaken with caution and the patients observed carefully for signs of cerebral dysfunction. 
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Note added in proof
We have recently found that in SHR given 1 mg/kg dihydralazine i.v.. CBF autoregulation was abolished and CBF pressure passive, indicating near maximal cerebrovascular dilatation: when MAP was raised stepwise from the post-dihydralazine level of 60 mm Hg to 140 mm Hg, CBF increased stepwise from 100% to around 200% of resting CBF. When MAP was lowered to 40 mm Hg, CBF fell to 70%. Furthermore Aueret at 41 found that although dihydralazine dilates small pial arteries in SHR (by 35% after 1 mg/kg and 55% after 2 mg/kg), recurring periods of marked arterial spasm lasting about 8 min occurred in half the rats given 2 mg/kg. These observations may have bearing on our finding of ischaemic lesions and give further reason for large doses only to be used with caution. 
